Molecular dynamics simulations using a combined quantum mechanical/molecular mechanical potential are used to determine the two-dimensional free energy profiles for the mechanism of RNA transphosphorylation in solution and catalyzed by the hairpin ribozyme. A mechanism is explored whereby the reaction proceeds without explicit chemical participation by conserved nucleobases in the active site. The ribozyme lowers the overall free energy barrier by up to 16 kcal/mol, accounting for the majority of the observed rate enhancement. The barrier reduction in this mechanism is achieved mainly by the electrostatic environment provided by the ribozyme without recruitment of active site nucleobases as acid or base catalysts. The results establish a baseline mechanism that invokes only the solvation and specific hydrogen-bonding interactions present in the ribozyme active site and provide a departure point for the exploration of alternate mechanisms where nucleobases play an active chemical role.
INTRODUCTION
An intriguing question in the understanding of the catalytic mechanism of RNA enzymes, or ribozymes, concerns the ability of RNA to accelerate a variety of chemical transformations without the aid of the diverse set of functional groups available to protein enzymes (Takagi et al. 2004) . A number of factors have been implicated to be important for catalysis, including the involvement of divalent metal ions, or functional groups on the RNA backbone or nucleobases, that might provide electrostatic stabilization or act as general acid and base catalysts (Lönnberg and Lönnberg 2005; Sigel and Pyle 2007) . Nonetheless, there currently exists no general consensus as to the origin of the catalytic proficiency exhibited by ribozymes nor any detailed mechanism that has been unambiguously determined. The hairpin ribozyme (HPR) (Walter and Burke 1998; Lilley 1999) , which catalyzes the reversible, site-specific phosphodiester bond cleavage of an RNA substrate, is unique in that the chemical steps of the reaction do not require a specific metal ion in the active site (Walter and Burke 1998; Lilley 1999; Doherty and Doudna 2001; Rupert et al. 2002; Bevilacqua 2003) but is able to achieve rate acceleration similar to other metal-dependent ribozymes (Fedor 2000) . There is an active debate regarding the origins of the catalytic proficiency of HPR, focusing mostly on the role of active site nucleobases in general acid and base catalysis (Hampel and Cowan 1997; Nesbitt et al. 1999; Fedor 2000; Pinard et al. 2001; Ryder and Strobel 2002; Kuzmin et al. 2005; Cottrell et al. 2007; Tang et al. 2007 ). X-ray crystallographic structures of HPR provide valuable insight into the active site conformation in the reactant state (Rupert and Ferré-D'Amaré 2001; Salter et al. 2006) , transition state, and product state mimic structures (Rupert et al. 2002; Torelli et al. 2007) . As yet, there are no studies that focus on the effects of the solvated electrostatic environment of the ribozyme itself on catalysis. The lack of an explicit metal ion requirement (Fedor and Williamson 2006) makes the HPR an ideal target for theoretical studies aimed to characterize the contribution of ''generalized solvation'' on catalysis. 3 In this report, we show that the electrostatic environment provided by solvated HPR active site lowers the cleavage activation barrier up to 9 kcal/mol relative to the uncatalyzed transphosphorylation barrier in water. We also explore the mechanistic scenarios whereby G8 acts as a general base to activate the 29-hydroxyl nucleophile, as implicated by experiment (Pinard et al. 2001; Rupert et al. 2002; Wilson et al. 2006; Cottrell et al. 2007 ). The results suggest that the electrostatic environment of the solvated ribozyme active site contributes significantly in achieving 10 6 -10 7 -fold rate enhancement of the phosphodiester cleavage (Nesbitt et al. 1999; Fedor 2000; Kuzmin et al. 2005) relative to the uncatalyzed, but spontaneous, cleavage of RNA molecule in aqueous solution (Hertel et al. 1997; Li and Breaker 1999) . Without the aid of a divalent metal ion or direct participation of nucleobase functional groups as a general acid or a general base, the majority of the observed rate enhancement can be realized through specific hydrogen-bonding interactions (provided from G8 and other nucleobases) and nonspecific electrostatic interactions of the solvated ribozyme active site. In the discussion that follows, the term ''electrostatic solvation'' is used to discuss the electrostatic component of the ''generalized solvation'' provided by the ribozyme environment.
RESULTS AND DISCUSSION
The HPR mechanisms considered in the present work are depicted in Scheme 1 for the in-line monoanionic catalysis mechanism and the dianionic general base catalysis mechanism. The in-line monoanionic reaction mechanism involves three reaction steps: (1) an initial intramolecular proton transfer from the 29-hydroxyl group to either the pro-R (O 1P ) or the pro-S (O 2P ) nonbridging oxygen atoms of the scissile phosphate group, (2) a nucleophilic attack from the 29-hydroxyl oxygen at the phosphate center, and (3) an exocyclic bond-cleavage of the leaving group from the phosphate center along with a second intramolecular proton transfer from the phosphate nonbridging oxygen to the leaving group. The in-line monoanionic mechanism only invokes generalized solvation and specific hydrogenbond interactions for both catalyzed and uncatalyzed reactions. This mechanism is ideally suited to address the role of the ribozyme environment as a general solvent in the catalysis, which is the main focus of this report. The dianionic general base mechanism tests the effect of G8 acting as a general base by abstracting the proton from the 29-hydroxyl group to activate the nucleophile and extends the scope of previous work (Nam et al. 2008) . In these two mechanisms, the proton transfer reactions and the nucleophilic substitution step (nucleophilic attack and cleavage) can be either concerted or stepwise, and it is a goal in mechanistic enzymology to characterize the nature of the reaction sequence. This can be accomplished computationally by the determination of two-dimensional reaction free energy profiles for the proton transfer and nucleophilic substitution reaction coordinates. In this report, we perform molecular dynamics (MD) free energy simulations with a combined quantum mechanics/molecular mechanics (QM/MM) potential along with density functional theory (DFT) calculations to determine two-dimensional free energy surfaces from which the stepwise/concerted nature SCHEME 1. General in-line monoanionic mechanism (top) and G8-assisted dianionic general base catalysis mechanism (bottom) of phosphodiester cleavage transesterification catalyzed by the hairpin ribozyme. In the in-line monoanionic mechanism, the first proton transfer (PT1), the nucleophilic attack (Nu), and the exocyclic cleavage (Cl) steps are shown. For the uncatalyzed model reaction in solution, the O 1P and O 2P pathways are energetically equivalent. In the G8-assisted dianionic general base catalysis mechanism, the deprotonated G8 acts as a general base to activate 29-hydroxyl group, and the reaction proceeds to the product without forming INT 2 . of each step can be ascertained. In addition, the electrostatic solvation free energies are determined for the reactant state, intermediate states, transition states, and product state for both catalyzed and uncatalyzed reactions to address the effects of electrostatic environment provided by the ribozyme on the reaction. Details are provided in Materials and Methods. Figure 1 , A-C, shows the two-dimensional free energy profiles for the uncatalyzed model transphosphorylation reaction in aqueous solution, and catalyzed by the HPR along O 1P and O 2P pathways (Scheme 1), and Figure 1D shows the two-dimensional free energy profile for the dianionic general base catalytic reaction. Table 1 lists free energy values corresponding to stationary points along the minimum free energy path on the surface, determined from the QM/MM free energy simulations, along with corrections at the DFT level to the activation and reaction free energy values.
In the in-line monoanionic reaction mechanism, the overall reaction may be characterized by a sequence of proton transfer, nucleophilic attack, exocyclic cleavage, and proton transfer reactions (see Fig. 1A -C); a shallow minimum exists prior to both the second and third steps.
Nevertheless, it is difficult to characterize the first two steps (the proton transfer to the either nonbridging oxygens and the nucleophilic attack) as purely stepwise because the barriers for the reverse process are expected to lie below the zero-point vibrational energies if nuclear quantum effects are considered. The rate-limiting step is the exocyclic bond cleavage of the leaving group from the phosphorus atom, followed by a barrierless proton transfer to the departing O 59 alkoxide anion. The same trend is found both for the catalyzed reaction in the ribozyme and the uncatalyzed model reaction in water, but the HPR markedly lowers the reaction barriers for each of the three reaction steps and the free energies of the resulting intermediates. The greatest barrier reduction occurs in the nucleophilic attacking step (net decreases of 17 kcal/mol for the O 1P pathway and 18 kcal/mol for the O 2P pathway relative to the reaction in water). For the rate-limiting step, the free energy barriers are lowered by 12 and 16 kcal/mol along the O 1P and O 2P pathways, respectively, while experimental estimation of barrier reduction is 13-14 kcal/mol (Table 1) . After the density functional correction at the B3LYP/6-311++G(3df,2p) (Lee et al. 1988; Becke 1993 ) level, the overall free energy barrier becomes 27 kcal/mol for the O 1P pathway and 21 kcal/mol for the O 2P pathway. These results are in accord with the experimental estimate of 20-21 kcal/mol (Nesbitt et al. 1999; Fedor 2000; Kuzmin et al. 2005) . Nonetheless, this does not preclude alternate mechanisms with explicit nucleobase involvement, such as A38 and G8 acting as general acid and general base catalysts (Rupert et al. 2002; Ferré-D'Amaré 2004; Cottrell et al. 2007) , respectively, which could further lower the barrier. In order to address the question as to what extent the electrostatic environment and nonspecific interactions alone can account for the observed rate enhancement, electrostatic solvation free energies are computed at various stationary points on the free energy surface and are compared to the values at the reactant state. Table 2 lists the free energy contribution of the electrostatic solvation provided by the ribozyme and aqueous solution environment in stabilizing the intermediates and transition states. We also compare the free energy contribution to solvation stabilization of selected nucleotide bases at each stationary point. For the uncatalyzed reaction, water solvation does not significantly affect the exocyclic cleavage barrier (TS Cl ), while the same barriers FIGURE 1. Two-dimensional free energy surfaces for in-line monoanionic mechanisms for the (A) uncatalytic model reaction in solution, the catalytic (B) O 1P and (C) O 2P pathways in the hairpin ribozyme (HPR), and the (D) G8-assisted dianionic general base catalytic mechanism of the HPR, in which the 29-proton is transferred to the N 1 of a deprotonated G8. For both mechanisms, z 1 is defined as R PÀO59 À R PÀO29 . In the in-line monoanionic mechanism, z 2 is R O29ÀH29 À R ONBÀH29 for z 1 < 0.0 Å and R O59ÀH29 À R ONBÀH29 for z 1 > 0.0 Å , where O NB is for the O 1P proton transfer in (B), and for the O 2P proton transfer in (A) and (C), respectively; in the G8-assisted general base catalysis mechanism, z 2 is R O29ÀH29 À R N1ÀH29 . The units for free energies and distances are kcal/mol and Å , respectively. are lowered significantly by the electrostatic solvation at the active site of the HPR (À6.5 kcal/mol for the O 1P pathway and À9.4 kcal/mol for the O 2P pathway). The results suggest that the electrostatic environment of the ribozyme active site can account for the majority of the experimentally observed rate enhancement without chemical participation by active site nucleobases. Each of the four nucleobases (G8, A9, A10, and A38) at the HPR active site individually contributes a relatively small amount in the direct lowering of the exocyclic cleavage barrier via electrostatic solvation. However, this does not imply a minor role for these nucleobases in the reaction. As previous studies have indicated they interact strongly with the scissile phosphate group to provide a proper solvation (Nam et al. 2008) , which is critical to achieve stabilization of the exocyclic cleavage step. It is likely that these interactions are not fully compensated by the solvent in the abasic substitution experiments at these positions.
In the HPR-catalyzed reaction, the overall barrier for the in-line monoanionic O 2P pathway is lower than that for the O 1P pathway by 4 and 6 kcal/mol at the AM1/d-PhoT and density functional B3LYP/6-311++G(3df,2p)-corrected levels of theory, respectively. This difference is statistically significant, and two factors appear to contribute to this difference: (1) the asymmetric interactions provided by the ribozyme and surrounding waters to the two nonbridging oxygens and the leaving O 59 oxygen, and (2) an intramolecular dipole-dipole interactions at the exocyclic cleavage step. The asymmetric interactions are expected from inspection of X-ray crystallographic data (Rupert et al. 2002; Torelli et al. 2007 ) that exhibit an asymmetry of binding interactions of the scissile phosphate with the surrounding nucleobases, which, in turn, affect the water solvation at the O 59 leaving group. In the O 2P pathway, the O 59 and O 1P atoms, which share a À1 formal charge at the exocyclic cleavage transition state, point away from each other; thus, surrounding water molecules can solvate them effectively. In the O 1P pathway, the O 59 and O 2P atoms are oriented in the same direction and compete for interactions with surrounding water molecules. Figure 2 shows a network of water molecules in the active site that forms hydrogen bonds with the nonbridging phosphoryl oxygens and leaving group in O 2P pathway, that, together with nucleobases in the active site that form hydrogen bonds with the scissile phosphate, stabilize the transition state. Similar roles for water-mediated hydrogen-bond networks in ribozyme active site have been previously suggested (Rhodes et al. 2006; Torelli et al. 2007 ). For the intramolecular contribution, the proton that has been transferred to the O 2P at earlier step is pointing toward the O 59 leaving group at the exocyclic cleavage transition state in the O 2P pathway so as to form an antiparallel dipole pair (see Fig. 2 ), while such dipole alignment is prevented in the O 1P pathway due to steric hindrance with C 59 .
For the dianionic general base catalysis mechanism, we assume here that a deprotonated G8 abstracts a proton from the 29-hydroxyl nucleophile (29-OH) as a general base h Experimental values for the hairpin ribozyme are taken from references (Nesbitt et al. 1999; Fedor 2000; Kuzmin et al. 2005) . (GB), and the leaving 59-alkoxide group is not yet protonated after the exocyclic cleavage step (see Fig. 1D ). The reaction steps are similar to the in-line monoanionic reaction, except no stable intermediate (INT 2 ) is formed and the reaction proceeds directly to the exocyclic cleavage in this mechanism. This is due to a nature of the dianionic phosphorane that is less stable than the monoprotic phosphorane (Perreault and Anslyn 1997; Zhou and Taira 1998) . Although there exists a possibility that G8 is tautomerized to act as a general base, the results from our previous study (Nam et al. 2008) do not support this scenario. Since the starting point in the general base catalysis mechanism is a deprotonated G8, the free energy required for the deprotonation of G8 must be taken into account. By assuming a pK a of 9.2 of the free guanine base (Bloomfield et al. 2000) , a rough estimate of 3 kcal/mol is obtained for the free energy required to deprotonate G8 at neutral pH. The free energy values for the general base (N 1 ) mechanism shown in Table 1 include this estimated free energy correction. Overall, the in-line monoanionic O 2P pathway has lower free energy barrier compared to the dianionic general base catalysis mechanism (5 kcal/mol for the TS Cl step), while the step to activate the nucleophile shows similar free energies and barrier heights for both catalytic mechanisms. The preference for the in-line monoanionic O 2P pathway relative to the general base pathway cannot be considered quantitative due to the need for a more accurate determination of the pK a of G8 in the ribozyme environment. The present study explores the effects by which the change of the electrostatic environment provided by the HPR relative to that of aqueous solution affects the rate of the transphosphorylation reaction. Since the specific mechanisms explored here do not involve direct intervention of any nucleobases as a general base or general acid in the catalysis, the computed change in the free energy barriers is mostly due to the change of the heterogeneous electrostatic environment in the HPR active site relative to that of bulk solvation by water. The direct electrostatic solvation by the ribozyme and water lowers the overall free energy barrier by 7 and 9 kcal/mol, respectively, for the two reaction paths, corresponding to an initial proton transfer to either of the two nonbridging phosphate oxygen atoms. The results suggest that the nonspecific interactions in HPR are sufficient to account for the majority of the observed change of barrier heights without the involvement of a metal ion and general acid-base catalysis by active site nucleobases. Of course, the specific arrangements of the nucleobases as well as the phosphoribose backbones and active site water molecules are essential to provide the electrostatic effects that ultimately lower the free energy barrier in the ribozyme. Specific deletions of key nucleobases would disrupt this environment and, consequently, affect the reaction rate as observed experimentally (Kuzmin et al. 2004 (Kuzmin et al. , 2005 Cottrell et al. 2007 ). For example, deletion of the nucleobase A38 reduces the self-cleavage reaction rate of HPR more than 10 4 -fold (Kuzmin et al. 2005 ), which has been tested from our previous computational study (Nam et al. 2008) . It has been proposed that a protonated A38 may act as a general acid in the rate-limiting step (Rupert et al. 2002; Bevilacqua 2003; Ferré-D'Amaré 2004; Kuzmin et al. 2005) , in which case in the absence of the availability of an alternate reaction path excluding the direct involvement of protonated A38 this might imply an even greater rate reduction. The present results indicate that in the absence of a protonated A38, the HPR can exploit an alternative reaction path that involves specific hydrogen bonding interactions with active site nucleobases to achieve catalysis.
The in-line monoanionic mechanism studied in the present work establishes a baseline mechanism that invokes only the generalized solvation and specific hydrogen bonding interactions provided by the ribozyme environment and provides a departure point for the exploration of alternate mechanisms where participation of nucleobases in the active site play an active chemical role. The results underscore the importance of hydrogen bonding interactions provided by the nucleobases and network of solvent molecules in the active site. The elucidation of the mechanism of FIGURE 2. Snapshots of the active-site structures near the transition state of (top) the nucleophilic attack and (bottom) the exocyclic cleavage for the in-line monoanionic O 2P mechanism of cleavage transesterification in the hairpin ribozyme. The yellow-and redcolored cartoons represent the substrate and ribozyme strands, respectively, and water molecules interacting with nonbridging oxygens and O 59 are also shown.
HPR represents an important step toward the understanding of the general principles that govern catalysis of more complex RNA systems.
MATERIALS AND METHODS
Simulations are based on the second transition state analog crystal structure (PDB code 1M5O) (Rupert et al. 2002) and performed using CHARMM (version c32a2) (Brooks et al. 1983 ). Nucleotides, crystal waters, and Ca 2+ ions 25 Å away from the scissile phosphate are removed, leaving 77 nucleotides, three Ca 2+ , and 18 waters. A 25-Å sphere of 1607 water molecules solvates the ribozyme centered at the scissile phosphate, and 41 Na + ions are included to partially neutralize the system. In the QM/MM calculations, we used the all-atom CHARMM27 nucleic acid force field (Foloppe and MacKerell 2000) and TIP3P water model (Jorgensen et al. 1983) , with the AM1/d-PhoT quantum model (Nam et al. 2007 ) and generalized hybrid orbital method (Gao et al. 1998 ) for treatment of the QM/MM boundary. After initial energy minimizations, stochastic boundary molecular dynamic simulations (Brooks et al. 1985) are performed (Langevin dynamics is applied to atoms in the radial range between 21 and 25 Å ) at 300 K and a 1-fs integration time step, and the SHAKE algorithm (Ryckaert et al. 1977 ) is used to constrain all bond lengths involving hydrogen atoms in the molecular mechanical region. Free energy profiles are constructed from the sampled configurations from two-dimensional umbrella sampling (Torrie and Valleau 1977) MD simulations by using the weighted histogram analysis method (Kumar et al. 1992 ). In the umbrella sampling, we define the reaction coordinate for the nucleophilic process as the difference between the breaking and forming bonds with the phosphorus atom, i.e., z 1 = R PÀO59 À R PÀO29 , for both catalytic mechanisms tested. In the in-line monoanionic reactions, the proton transfer reaction coordinates are defined as z 2 = R O X9 ÀH 29 À R ONBÀH 29 , where O NB is either O 1P or O 2P , and O X9 is O 29 in the first proton transfer step and O 59 in the second proton transfer step, respectively. The total number of umbrella sampling windows is 395 for the O 1P pathway and 344 for the O 2P pathway, each simulation of which is run for 17 ps for equilibration and 50 ps for configuration sampling. The total simulation times are 26.5 ns and 23.0 ns for the O 1P and O 2P pathways, respectively. In the dianionic general base catalytic reaction, the proton transfer reaction coordinate is defined as z 2 = R O 29 ÀH 29 À R N1ÀH 29 , where N 1 is the N 1 atom of G8. The total number of umbrella sampling windows is 269, and each window is sampled for 50 ps after the 17 ps of equilibration. The total simulation time is 18.0 ns. For the uncatalyzed model reaction, the reactant molecule, 29-hydroxyethyl methyl phosphate, is solvated with a 40-Å 3 cubic box of 2038 water molecules and one Na + ion. Simulations are carried out using QM/MM-Ewald scheme (Nam et al. 2005 ) at 1 atm and 300 K. To simulate the chemical reaction, a total of 338 umbrella sampling MD simulations are run each for 5 ps of equilibration and 30 ps of configuration sampling, resulting a total of 11.8 ns of MD simulations.
The computed free energy values are further refined by density functional quantum chemical calculations on the active site reaction models. The density functional adiabatic energies are computed at the B3LYP/6-311++G(3df,2p)//B3LYP/6-31++G (d,p) level, in which ''//'' separates the level for the refined single point energy from the level for geometry optimization. The same geometry optimizations are carried out also at the AM1/d-PhoT level in order to derive the correction factors. The correction factors for the rate-controlling transition states are in general small, ranging in magnitude between 0.2 and 2.2 kcal/mol (a full comparison of the computed reaction energies and geometrical quantities calculated at the DFT and AM1/d-PhoT levels is provided as supplemental research data). The active site model reactants for the uncatalyzed and catalyzed reactions include the nucleophilic ribose, the scissile phosphate, and the leaving ethyl group.
The free energy of electrostatic solvation is computed by using free energy perturbation (FEP) approach (Gao 1992) , in which the electrostatic interactions between quantum mechanical and molecular mechanical regions are scaled from 1 to 0. The scaling value of 1 represents the state of full solute-solvent interactions, and the value of 0 represents the state of no solute-solvent interactions. In order to mimic the electrostatic solvation outside the 25-Å water sphere, we have applied a variational electrostatic projection method with a conductorlike screening solvation model reaction field Khandogin et al. 2005) , in which the component for the QM-reaction field interaction is scaled in accord with other QM/ MM electrostatic interactions during FEP MD simulations. A series of FEP MD simulations are carried out at each stationary point along the minimum free energy path for the uncatalyzed and catalyzed in-line monoanionic reactions, respectively; at a given scaling value, 100-ps FEP MD simulations are carried out for statistical averaging.
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